Abstract A one-dimensional radial non-uniform fluid model is employed to study plasma behaviors with special emphasis laid on helicon discharges. The plasma density ne, electron temperature Te, electron azimuthal and radial drift velocities are investigated in terms of the plasma radius rp, magnetic field intensity B0 and gas pressure p0, by assuming radial ambipolar diffusion and negligible ion cyclotron movement. The results show that the magnetic confinement plays an important role in the discharge equilibrium, especially at low pressure, which significantly reduces Te compared with the case of a negligible magnetic field effect, and higher B0 leads to a greater average plasma density. Te shows little variations in the plasma density range of 10 11 cm −3 -10 13 cm −3 for p0 < 3.0 mTorr. Comparison of the simulation results with experiments suggests that the model can make reasonable predictions of Te in low pressure helicon discharges.
Introduction
Helicon discharge, which is capable of obtaining plasma density higher than that achieved by traditional inductively coupled methods, has been widely applied in the materials processing industry, and in recent years, it has aroused great interest in the electric propulsion community [1−6] for its merits of nocathode corruption and neutral expansion plume. However, from the propulsion viewpoint, the plasma density and efficiency of the developed helicon thrusters are very low [1, 7, 8] , and as the radio frequency (rf) input power or the gas feed rate increases, the density saturates [6,9−11] . Thus, it is necessary to study the plasma behaviors related with the magnetic field strength, the confinement of which is beneficial to the rf power absorption.
Fruchtman et al. [12] first applied a variable-separation technique to study the two-dimensional (2D) effect of the helicon plasma source. The plasma diffuses, both axially along a confining magnetic field and radially across the field, were studied, in which the transport coefficients were assumed to be constant or dependent on the plasma and neutral density, respectively. The calculations show that the plasma density distribution properties are related to the dominant radial diffusion mechanism, which could be ambipolar or 'shortcircuit' nonambipolar limited [13] .
Ahedo [14] used a one-dimensional parametric analysis to study a magnetic cylindrical plasma and found that the plasma response is fully characterized by the dimensionless lower hybrid frequency, electron and ion collision frequency, and confirmed that three regimes exist, e.g. the unmagnetized, the main magnetized and the intermediate-magnetized regimes. Then this model was generalized to 2D [15] to study both the flow inside the discharge tube and the subsequent plasma expansion, which provides a universal view of the helicon discharge. However, one should bear in mind that hot electrons are assumed in these studies and it is not the case in medium rf power discharges, in which the measured electron temperature is between 2 eV and 8 eV [9,16−18] . Recently, Curreli et al. [19, 20] proposed a self-consistent radial non-uniform helicon discharge model, in which the radial distributions of T e and n e were iteratively solved. By assuming radial Maxwellian distribution electrons, the magnetic effects on the plasma fluid properties were implicitly included though the effects of this assumption were not discussed.
While there are still arguments on the helicon wave energy deposition mechanisms [21−25] , one still hopes that a generalized model will be developed to make reliable predictions on the helicon plasma thermodynamic properties. When the sheath radial scale is small compared with the tube dimension and the sheath regime can be neglected, it is reasonable to assume that the ions reach the Bohm velocity at the plasma boundary [14, 19] . Under this assumption, T e will be readily achieved with given n e and p 0 .
This work uses a radial non-uniform fluid model to describe the plasma thermodynamic properties. It should be noted that in the fluid model, the neutral depletion effect has to be carefully treated. Fruchtman [26] found that the neutrals have different density profiles along the axial magnetic field, depending on whether the plasma is collisionless or thermalized. In the former case, the neutrals have lower density away from the wall, but in the latter case, the neutrals have a central peak profile. Here, the neutral depletion effect is neglected. This simplification is tenable because the ionization fraction measured in numerous experiments is often less than 10%, thus the neutral pumping is not significant. The contents are organized as follows.
Section 2 describes the assumptions used and the basic theories employed. Section 3 first discusses the thermodynamics properties of the source developed, and then studies these parameter variations for different plasma radii and magnetic field strengths. Section 4 compares the T e and the density profiles calculated with those measured in experiments. The last section presents the conclusions.
Theories
Assuming quasi-neutral plasmas, macroscopic conservation of mass, momentum for the electrons and ions are ∇ · n e u e = n e ν iz ,
m e n e u e · ∇u e = −∇n e T e − q j n e ∇φ + q j n e u e × B 0
Here, m j , u j are the mass and the velocity for species j(j = e, i), q is the electric charge and the ions are assumed to be single ionized, φ is the electric potential, n e is the plasma density, and ν iz , ν ei , ν en and ν in are the ionization, electron-ion, electron-neutral and ionneutral collision frequencies, respectively. For an axisymmetric problem, following a method similar to that of Hooper [27] and Ahedo et al. [28] , the vectorial magnitudes are decomposed into longitudinal and azimuthal components
where l θ is the azimuthal unit vector,ũ j · l θ = 0 and u θj is the azimuthal velocity. Assuming macroscopic stationary and radial ambipolar diffusion, and neglecting the axial velocity, the governing equations of radial and azimuthal components for the plasma are
(10) In order to solve Eqs. (6)- (10) conveniently, in low temperature plasma discharges, several simplifications will be made.
a. Since T i T e , ion thermal pressures will be neglected.
b. Compared with the ion, the electron inertia term involving pure radial velocity is negligible.
c. For high density discharges, such as those measured in helicon wave coupling mode [7, 18] , the plasma is usually so dense that collisions will thermalize the confined electrons and result in a nearly constant T e in the radial direction.
d. As demonstrated by Hooper [27] and Ahedo et al. [28] , the ratio of ion and electron azimuthal velocity is proportional to m e /m i , for both collision and collisionless cases, and as a result, the ion azimuthal movement is neglected.
Using the above assumptions and combining Eqs. (7) and (9) to eliminate the electric potential term, the differential equations for n, u r and u θe can be expressed as [14] 1 − u
where ν e = ν iz + ν ei + ν en , ν i = ν in + ν iz and c s is the Bohm velocity. Here we will use the dimensional form of Eqs. (11)- (13) to give direct understanding of the helicon plasma source geometry designed in our laboratory and shown in Fig. 1 . The tube has a radius of 1 cm and a length of 25 cm. The antenna has a radius of 12 cm and a length of 10 cm, and is of the m = 0 half helical type. Unless otherwise stated, the plasma radius studied is r p = 1 cm in this work. For the axisymmetric configuration, the boundary conditions at r = 0 are
In order to remove singularity, here we use a Taylor expansion to avoid numerical difficulties, then the boundary values at location r 0 << r p are
where n 0 is the density at the center. Eqs. (11)- (13) are then simultaneously solved by using a 4th order Runge-Kutta method. In this work, the presheath region is treated as part of the bulk plasma; the plasma solution is matched to the sheath by the condition that the ions reach Bohm velocity at the radius. In this process, the velocity increment is caused by their collisions with the electrons.
Thermodynamic properties discussions
In this model, energy balance is not considered, so an exact radial relationship between T e and n e cannot be determined. To evaluate the effect of this simplification, T e variations with n e need to be investigated.
In typical helicon discharges, the plasma density is between 10 11 cm −3 and 10 13 cm −3 . Fig. 2 gives the T e variations versus n 0 , in the aforementioned axial density range, at a different B 0 , where T e descends monotonically as n 0 increases. The collision frequency is proportional to the density. Take the cases of higher (10 13 cm −3 ) and lower (10 12 cm −3 ) peak density, for example. If the electron temperatures are the same in these two cases, the ions in the higher density case will experience more collisions than in the lower density case when travelling the same distance. When B 0 holds constant, the ion transverse field diffusion mean free path is smaller in the higher density case. The above two points will result in a lower 'Bohm radius' in the higher density case, however, the two cases are performed in the same discharge tube, thus, the electron temperature has to be lower in the higher density case.
Radial variations of the ratio of azimuthal to radial velocities u θe /u r at constant p 0 and B 0 are shown in Fig. 3 . The figure shows the gentle increment of the ratios as n 0 increases. Fig. 4 reveals that as B 0 increases, the azimuthal kinetic energy proportion increases and also probably contributes to the decrease of T e . Fig. 5 shows that the ratios grow rapidly as p 0 is varied. The radial drift kinetic energy will not change very much as p 0 increases. However, the azimuthal movement amplitudes vary significantly, which indicates that the radial and azimuthal energy absorbed is decreased in the higher p 0 case. Then, the rf input power needed is decreased subsequently to obtain the same plasma density, and this provides a possible way to save the energy in propulsion applications. The velocity ratio of azimuthal u θe to radial ur versus r as n0 is varied Fig.4 The velocity ratio of azimuthal u θe to radial ur versus r as B0 is varied Fig.5 The velocity ratio of azimuthal u θe to radial ur versus r as p0 is varied Fig. 6 gives the electric potential radial variations, which shows that the negative potential relative to the central accelerates the ions and decelerates the electrons, and sustains the ambipolar diffusion. Fig. 7 shows that as r increases, the azimuthal kinetic energy ε a grows, and the azimuthal kinetic energy is not a negligible energy loss channel, especially in the lower pressure case considered here. In the case of p 0 = 0.3 mTorr, the velocity ratio in the bulk is greater than 500. The particle kinetic energy is 1/2mv 2 , and for electrons, the azimuthal energy is about 10 5 times larger than the radial one. Then, the electron azimuthal energy is comparable to the ion radial drift energy, and in the near sheath region, where the drift is close to the Bohm velocity, the azimuthal energy is about 1.0 eV. Meanwhile, the electron thermal energy is about 5 eV and ε a accounts for nearly 20% of it. In the bulk plasma, as shown in Figs. 3-6 , the ratio varies gradually. To explain this, we notice that the following relationship
holds in the bulk plasma, and as calculated in Fig. 8 Then, Eqs. (11)- (13) 
Then, Eqs. (20) and (21) can be expressed as
Eqs. (24) and (25) predict the nearly linear increase of the two velocities in the condition of Eq. (18), so the ratios shown in Fig. 4 hold approximately. Fig. 9 shows that a higher T e is obtained when B 0 is neglected. As in the case of 0.3 mTorr, T e is greater than 13 eV for r p = 2.5 cm, and greater than 25 eV for r p = 1.5 cm.
In fact, T e measured in medium power helicon discharge experiments [9,16−18] are usually between 2.0 eV and 8.0 eV for moderate rf power. According to the explanation in the work by Curreli et al. [19] , Argon's inelastic threshold is around 12 eV and the radiation loss will limit T e to below 5 eV or so. Here, an appropriate T e is obtained by considering the finite B 0 effect, as shown in Fig. 9 and Fig. 10 . Under magnetic confinement, the azimuthal cyclotron consumes the energy absorbed (Fig. 7) and is a considerable energy loss channel. 
Comparison with experiment
For small scale helicon discharges, the compact source shown in Fig. 1 is tested and Fig. 11 shows a discharge image of the small helicon plasma source conducted in this study at B 0 = 774.3 G and P rf = 200 W. The antenna and the solenoid left sides are respectively located at 4 cm and 8 cm away from the tube injection end. Fig. 12 shows the plasma emission spectral measurement (ESM) apparatus, which measures the average electron temperature of the marked region. Fig. 13 gives comparison results of experiment and simulation. It is obvious that reasonable agreement is achieved, and that as the pressure grows, the simulated results get closer to the measured ones. In helicon discharges, the waves excited by the antenna consist of two different branches, e.g. the helicon and the TG (Trivelpiece-Gould) waves. The amplitudes are [29] 
, N is the longitudinal refractive index, ε is the dielectric tensor:
T j (j = 1, 2) are the transverse wave number of the helicon and TG, respectively:
According to Eq. (31), the transverse wave number can be expressed as:
where
manifests that the long Helicon waves damp slowly, while the short TG waves damp quickly when travelling inward. Eqs. (26)- (29) are solved under continuous conditions between the vacuum and the plasma regions. The radial energy deposition is calculated by
where J and E are the plasma current and electric field, respectively. The plasma resistance is calculated at the antenna average current I 0 = 1 A:
Fig. 14 shows the electromagnetic components for B 0 = 200 G. The TG components oscillate heavily and the helicon components travel even shorter than a wavelength, which indicates that the energy deposition is mainly caused by the TG waves damping and the main energy absorption occurs at the edge. Fig. 15 shows the E r radial profiles of TG and helicon components for different B 0 . As B 0 increases, the TG magnitude grows and the main wave energy absorption region shifts to the plasma-vacuum edge. This trend is directly displayed in the radial energy deposition profile, as shown in Fig. 15 . The intensified edge heating as B 0 increases leads to a higher edge electron temperature in the narrower region and probably contributes to the lower average radial temperature. Since the particles located at the center migrate radially inward from the edge, one would imagine that a higher B 0 would cause a steeper radial density distribution. The calculation in section 3 shows that T e varies little in a wide plasma density range. To further explain this result, first, the total radio frequency energy absorption is calculated in terms of the plasma resistance, and is given in Fig. 16 . In the density range studied, R p varies from about 0.2 Ω to about 0.6 Ω. The power absorbed by the plasma can be expressed as
where R c is the external circuit loss. Then, the absorption efficiency is η =
Rp
Rp+Rc . In a resistance matched plasma discharge loop, R p >> R c is satisfied and η is nearly constant.
Then, the main energy consumption is the ionization process, with the expression of
where n g is the neutral gas density. The ionization cost and the electron energy consumption are ε c and ε c K iz , respectively, ε c = (K iz ε iz + K ex ε ex + K el ε el )/K iz , and the variations with T e are given in Fig. 17 . The figure shows that the ionization cost decreases while the energy consumption caused by the temperature rise increases as T e grows. The growth of T e from 4.0 eV to 4.5 eV doubles the energy input; meanwhile, the ionization cost decrease facilitates the ionization process. The above two reasons manifest that, increasing the input power in the low to medium range mainly results in a growth of the plasma density and a gentle increment of the electron temperature.
Conclusion
A simulation model is employed to conduct a preliminary study on the equilibrium profiles of plasma density, radial drift and electron azimuthal velocities. Radial ambipolar diffusion is assumed. Under these conditions, we find that as B 0 grows, the electron temperature decreases, meanwhile, by implementing the helicon-plasma interaction model, which predicts enhanced absorption efficiency as B 0 grows, it is concluded that a higher B 0 leads to a denser average density. Through investigation on the electron azimuthal movement, which is directly affected by the field, it is found that this kind of movement plays an important role in the rf energy absorption, especially in the low pressure case, which results in a significant decrease of the electron temperature. Interestingly, the model predicts little variations of T e in the density range of 10 11 -10 13 cm −3 for p 0 < 3.0 mTorr. Considering that the highest ionization fraction is 10% in this work, the above results are acceptable.
Although the simulation results are in accordance with the experimental measurements, there are still some doubts to be clarified. The neutral depletion will take effect in certain cases, and nearly full ionization of the plasma core has been reported in some papers; T e will suffer great disturbance at the plasma edge, where the quasi-electrostatic TG waves would damp strongly, when B 0 is higher than 800 G. Violation of the classical ambipolar diffusion has been observed in experiments where Simon diffusion or Bohm diffusion may be dominant in the radial particles transport. In these cases, the balances of the particles mass, momentum and energy have to be coupled to give reliable non-uniform plasma thermodynamics properties, which will be the aim of our future work.
